Robust voltammetric responses were obtained for wild-type and Y72F/H83Q/Q107H/Y108F azurins adsorbed on CH 3 (CH 2 ) n SH:HO(CH 2 ) m SH (n=m=4,6,8,11; n=13,15 m=11) self-assembled monolayer (SAM) gold electrodes in acidic solution (pH 4.6) at high ionic strengths. Electron-transfer (ET) rates do not vary substantially with ionic strength, suggesting that the SAM methyl headgroup binds to azurin by hydrophobic interactions. The voltammetric responses for both proteins at higher pH values (>4.6 to 11) also were strong. A binding model in which the SAM hydroxyl headgroup interacts with the Asn47 carboxamide accounts for the relatively strong coupling to the copper center that can be inferred from the ET rates. Of particular interest is the finding that rate constants for electron tunneling through n = 8, 13 SAMs are higher at pH 11 than those at pH 4.6, possibly owing to enhanced coupling of the SAM to Asn 47 caused by deprotonation of nearby surface residues.
Introduction
Robust voltammetric responses have been obtained from redox-active metalloproteins adsorbed on self-assembled-monolayer (SAM) electrodes. 1-22 Systematic experiments with both wild type and mutant proteins have pinpointed surface regions that are well coupled for electron tunneling to and from the redox-active site. Cytochrome c (cyt c) adsorbed onto SAMgold electrodes is a case in point: in experiments with surface-modified proteins, Niki and coworkers obtained data that strongly suggest that the SAM carboxylate terminus is coupled to the heme in the region near Lys13. 10 It is well established that Pseudomonas aeruginosa azurin can be immobilized on alkanethiolSAMs; 11-15 and, importantly, that the protein exhibits particularly strong voltammetric responses on 1:1 CH 3 (CH 2 ) n SH:HO(CH 2 ) m SH (n=m=4,6,8,11; n=13,15 m=11) SAM gold electrodes. 16 Tryptophan-48 apparently plays a special role in coupling the copper to the electrode; mutants without it (e.g., W48F) are electrochemically inactive, whereas ones with it in place such as Y72F/H83Q/Q107H/Y108F (abbreviated Trp48-all-Phe) give good voltammetric responses. Based on these and other findings, we proposed that Asn47 binding interactions with 1:1 mixed SAM headgroups promote electron tunneling to and from the blue copper via an Asn47-Cys112 hydrogen-bond pathway. 16 Here we report the effects of pH and ionic strength on the electron-transfer (ET) kinetics of wild-type and Trp48-all-Phe azurins on 1:1 mixed SAM gold electrodes. Remarkably, the protein is electrochemically active in very basic solutions (above pH 10), with the pH 11 (n = 8) Cu/electrode rate somewhat higher than that at pH 4.6. Both the rate/pH and rate/ionic strength profiles can be interpreted in terms of a binding model featuring SAM hydrophobic and polar headgroup interactions with the azurin surface near Asn47.
Experimental Section Reagents
Pentanethiol (CH 3 (CH 2 ) 4 SH), heptanethiol, nonanethiol, dodecanethiol, hexadecanethiol, 4-mercapto-1-butanol (HS(CH 2 ) 4 OH), 6-mercapto-1-hexanol, and 11-mercapto-1-undecanol were obtained from Aldrich Chemical Co. (St. Louis, MO). Tetradecanethiol was from Fluka Chemie AG (Buchs, Switzerland). 8-Mercapto-1-octanol was from Dojindo Molecular Technology (Gaithersburg, MD).
Proteins
P. aeruginosa azurin was isolated and purified according to Chang et al. 23 Y72F/H83Q/ Q107H/Y108F (Trp48-all-Phe azurin) was expressed using Stratagene's QuikChange Multi Site-Directed Mutagenesis Kit from an in-house plasmid.
Electrodes
Gold bead electrodes were prepared by melting gold wire >99.999% from Alfa Aesar/Johnson Matthey (Ward Hill, MA) in a hydrogen flame. The procedure for the preparation of clean gold bead electrodes has been reported. 24 Mixed SAM electrodes were prepared by immersing gold beads into 200 μM mixed ethanol solutions of thiols at room temperature for more than 3 h. Prior to protein immobilization the SAM coated electrodes were activated by electrochemical treatment in 10 mM acetate buffer solution at pH 4.6. Potential ranges of the oxidationreduction cycle (ORC) were 0.4 ∼ − 0.2 V. Proteins were immobilized by soaking the SAMcoated electrodes in about 100 μM protein (10 mM acetate buffer) solution at pH 4.6 overnight in a refrigerator. Prior to cyclic voltammetric (CV) measurements, the electrodes were thoroughly rinsed with Milli-Q water to remove excess protein from the electrode surface.
Electrochemical measurements
Electrolyte solutions for pH dependence measurements were 10 mM ammonium acetate at pH 4.6, 7.0, 8.0. For high pH experiments, 10 mM ammonium acetate buffer was adjusted to 9.0, 10.0, and 11.0 by adding NaOH.
Cu/electrode rate constants for electron tunneling through different 1:1 mixed SAMs were evaluated from CV peak separations. 25 Electrode potentials were measured vs. Ag/AgCl in satd. KCl (0.197 V vs. NHE). Cyclic voltammetry was performed using a Model 660 Electrochemical Workstation (CH-Instrument, Austin, TX) at room temperature.
Results and Discussion

3−1. Ionic strength effects
The effect of ionic strength on the Cu/electrode ET rates was investigated at pH 4.6. Welldefined voltammetric responses for the wild-type protein were obtained in 100 mM NH 4 Ac buffer (Fig. 1A) . The estimated ET rate is 1.0 × 10 3 s −1 (n = 8; ΔG O = 0), which is higher than that in much lower ionic strength buffer (10 mM NH 4 Ac) at pH 4.6 (1.8 × 10 2 s −1 ). There are fewer charged groups on the azurin surface than on cyt c, a protein where the heme/electrode ET rate constant decreases with increasing ionic strength. 7, 8, 21 The rate/ionic strength profile for cyt c can be interpreted in terms of binding-site electrostatic interactions screened by the added salt that would increase the distance between protein lysine residues and the SAM surface. 21,26
Earlier we reported electrochemical measurements on wild-type and four mutant azurins on 1:1 mixed SAM electrodes. 16 Only the wild-type protein and a mutant containing Trp48 gave well-defined voltammetric responses. Analysis of voltammetric responses for Trp48-all-Phe azurin in 100 mM NH 4 Ac buffer at pH 4.6 (Fig. 1B) gives a Cu/electrode ET rate of 9.7 × 10 2 s −1 , which is nearly the same as that for wild-type azurin (1.0 × 10 3 s −1 ) at the same ionic strength and pH. Very small effects of ionic strength on the ET rate also were found in experiments with Trp48-all-Phe azurin.
The very strong voltammetric responses for both wild-type and mutant azurins confirm that the blue copper redox center is well coupled to the mixed SAM electrode. Both theoretical and experimental work has shown convincingly that the Cys112 thiolate is the preferred entry point for electron tunneling to the copper, 27-33 so it follows that the likely site for productive protein-SAM interactions is the region near Asn47 (Fig. 2) . We propose that the hydroxyl head groups make hydrogen bonds at the Asn47 surface, with the binding enhanced by hydrophobic interactions with nearby methyl head groups. In this proposed precursor complex model, the best ET path would involve coupling Asn47 to the sulfur atom of Cys112.
3−2. pH effects
Well-defined voltammetric responses for wild-type azurin have been obtained over the pH range 4.6 to 11. The formal potential of the protein on the mixed SAM depends on pH (Fig.  4A) ; as the pH of the solution increases, the formal potential shifts to more negative values.
The midpoint potentials exhibit pH-titration curves with plateaus both at high and low pH, the signature of an acid-base equilibrium. Theoretical curves were constructed using Eq. 1, (1) in which K ox and K red are proton dissociation constants for a group in two redox states and E m1 is the midpoint potential at acid pH. With n e = 1 , we obtain pK ox = 5.7 (± 0.1), pK red = 8.1 (± 0.1) (wild-type), and pK ox = 5.7 (± 0.1), pK red = 8.3 (± 0.1) (W48-all-Phe) (Fig. 3) .
The potentials at low pH are more than 150 mV higher than the potentials at high pH. The observed pH dependence of the potential of adsorbed wild-type azurin is different from that in solution, 34-36 as the reduced protein (AzCu + H + ) is only partially deprotonated below pH 8 on the mixed SAM. Since His35 is the only noncoordinated histidine present both in wild-type and W48-all-Phe proteins, it is likely that the observed pKs are attributable to the deprotonation/ protonation equilibria of its imidazole.
At pH 11, unexpectedly, the CV peak separation for the wild-type protein is very small, indicating that ET is very rapid. The standard ET rate constant k varies exponentially with the number of methylene groups (n) in the alkyl chain, according to Eq. 2: 16 (2) where k 0 is the extrapolated value of the rate constant (n = 0). A plot of log k ET vs. the number of methylene groups in the longer (n = 11, 13, 15) alkanethiol chains is linear for the protein at pH 11 (Fig. 4) ; the exponential decay constant is 1.17 per methylene group, in accord with previous results. 16 Strikingly, the n = 8 and n = 13 ET rate constants for wild-type azurin at pH 11 are greater than those at pH 4.6, possibly owing to enhanced coupling of the SAM to Asn 47 caused by deprotonation of nearby surface residues. It also is of interest that all ET Proposed electron tunneling pathway to the blue copper in azurin on a 1:1 mixed SAM gold electrode. Asn 47 is in orange (Cγ, Cβ, Cα), blue (Nδ, N), red (Oδ) and white (H); Cys 112 Sγ is in yellow; Cu ion is in red (PDB code: 4AZU). ET rates vs. chain length (n) for wild-type azurin at pH 11 (blue triangles) and 4.6 (red dots) on a 1:1 CH 3 (CH 2 ) n SH:HO(CH 2 ) m SH gold electrode (n=m=4,6,8,11; n=13,15 m=11); values for cyt c on carboxylic acid-terminated alkanethiol-SAM gold electrodes (black squares) are shown for comparison. Exponential decays: β = 1.1 per CH 2 (dashed line ); β = 1.2 per CH 2 (solid line).
